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An artificial superlattice of BaTiO3/LaNiO3 (BTO/LNO) was grown epitaxially on an Nb-doped SrTiO3 (001) single-crystalline
substrate with a dual-gun rf magnetron sputtering system. The structural characteristics of the superlattice films were studied mainly by
X-ray reflectivity. Formation of a superlattice structure was confirmed from the appearance of Bragg peaks separated by Kiessig fringes
in X-ray reflectivity curves and a crystal truncation rod (CTR) spectrum. The surface and interfacial roughness of the superlattice were
derived from the fitted curves for specular reflectivity. A conformal relationship between consecutive BTO and LNO layers was
observed from off-specular scattering. According to the fitted results and atomic-force microscopy images, the evolution of surface
structure follows the Stranski–Krastanov (S–K) growth mode, in which the surface roughness increased with the thickening of
sublayers.
D 2004 Elsevier B.V. All rights reserved.
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The growth of an artificial superlattice of ferroelectric
oxides draws much interest for its ability to improve the
properties of materials through structural modification [1–5].
For instance, the superlattice of BaTiO3/SrTiO3 (BTO/STO)
was found to have a significant dielectric enhancement with
decreasing stacking periodicity, which was attributed to the
c-axis elongation of the BTO layer induced from the lattice-
mismatch strain at consecutive interfaces between BTO and
STO sublayers [1,2,4]. Because the characteristics of a
superlattice depend largely on the multilayered film thick-
ness, density, surface and interfacial roughness, a method to
characterize thin-film structure is crucial for control of the
conditions of film processing. X-ray reflectivity is a powerful
method to characterize both the interface and the bulk
structure of materials [6–9]. Although ferroelectric super-0040-6090/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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E-mail address: hylee@nsrrc.org.tw (H.-Y. Lee).lattice materials have attracted much attention, there are few
reports of systematic study of the ferroelectric superlattice
microstructure; this important information serves to clarify
the origin of the enhanced performance of current ferro-
electric superlattice materials. We investigated the micro-
structure of BaTiO3/LaNiO3 (BTO/LNO) superlattices with
varied stacking periodicity through measurement of X-ray
reflectivity. LNO was used because it has satisfactory
crystallographic compatibility for heteroepitaxial growth of
a BTO layer; a smaller lattice than that of BTO that
introduces a lattice mismatch strain at the interface [10,11]
serves to demonstrate the importance of structural informa-
tion obtained from X-ray reflectivity in future study of new
functions of epitaxial ferroelectric superlattices.2. Experiments
The BaTiO3/LaNiO3 superlattice films were grown
epitaxially on Nb-doped SrTiO3 (001) single-crystalline
substrates. The designed thickness of a sublayer varied in0 (2004) 500–504
Fig. 1. Reflectivity curves of BaTiO3/LaNiO3 superlattices having different
stacking periodicity and their best fitting results as a function of momentum
transfer. The fitted curves were shifted vertically for clarity.
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superlattices was fixed at 140 nm. A symmetric sublayer
structure [(BTOm/LNOm)n, in which m is the thickness of a
sublayer with unit nm and n is the number of repeating
periods] was adopted.
Deposition was performed using an rf magnetron
sputtering dual-gun system with computer-controlled shut-
ters that enabled exact control of the thickness of each layer.
The substrate temperature was maintained at 500 8C during
thin-film deposition; the pressure of the gas during
deposition was fixed at 4 Pa with an Ar/O2 ratio 4:1. The
deposition was interrupted for 12 s between the growth of
each sublayer.
X-ray reflectivity measurements were performed using
Cu Ka radiation in a standard Huber 4-circle X-ray
diffractometer operated at 50 kV and 200 mA. The
incident light was monochromatized by a flat Ge(111)
crystal and two sets of slits were used to eliminate Cu Ka2
contamination and obtained a wave-vector resolution in the
scattering plane of the order 0.00015 nm1. The specular
reflectivity was measured with a series of h–2h scans. The
detailed experimental setup for X-ray reflectivity measure-
ment was described elsewhere [9]. The superlattice
structure was also characterized through measuring the
crystal truncation rod (CTR) intensity with a synchrotron
X-ray source; the synchrotron X-ray experiments were
performed at wiggler beamline BL-17B1 in the National
Synchrotron Radiation Research Center (NSRRC), Hsin-
chu, Taiwan. The incident X-rays were focused vertically
with a mirror and made monochromatic with energy 8 keV
by a Si (111) double-crystal monochromator. The sagittal
bending of the second crystal focused the X-rays in the
horizontal direction. With two pairs of slits between
sample and detector, typical wave-vector resolution in the
vertical scattering plane was set at ~0.0001 nm1 in this
experiment.
The surface morphology of the films was investigated
with an atomic-force microscope (AFM). These observa-
tions were conducted with a contact mode on an area 22
Am. The root-mean-square (RMS) magnitude of surface
roughness was calculated.3. Results and discussion
Fig. 1 shows X-ray reflectivity curves of the BTO/LNO
superlattice with varied stacking periodicity. For specular
scattering, the wave-vector transfer has only a perpendicular
component, qz=4p sin hi/k in which hi is the incident angle
and k is the wavelength of the X-ray. The reflectivity curves
exhibit a typical shape in which one discerns Bragg peaks
separated by Keissig fringes, giving evidence for a vertically
periodic modulation of composition. As the real part of the
refractive index is slightly smaller than unity for all
materials, total external reflection occurs for hiQhc; hc is
the critical angle of total reflection. The increased reflectiv-ity within the angular range between 0 and hc is due to the
surface effect. At a small incident angle, the footprint of the
beam is generally larger than the sample surface, and only
part of the light is reflected. The magnitude of the oscillation
amplitude and the overall intensity depend on the roughness
of the film surface and interface [12,13].
The theory of specular reflectivity is based on the
recursive formalism of Parratt [6]. To determine physical
parameters of the superlattice, such as roughness, thickness
and density, the reflectivity data were fitted with the
BedeREFS Mercury code [14]. For each reflectivity curve,
the diffuse scattering was subtracted carefully first. Within
the Born approximation [15], the distance between two
Bragg peaks is inversely proportional to the stacking
periodicity of the superlattice, and the period of the
superlattice can be roughly estimated from the inter-
distance of Bragg peaks by 2p/Dqz, which provides us
with a starting point for the fitting work. According to the
fitted result presented in Table 1, the densities of the BTO
and LNO sublayers are slightly less than those of the bulk
values, which likely resulted from an increased defect
density through thin-film deposition at high temperature
[9]. This phenomenon was reported in other material
systems [16,17]. For a small incident angle, it is important
to take into account the contribution of the refractive index
in the derivation of the modified Bragg formula [18],
L ¼ D 1 d=sin2hm
  ð1Þ
in which L=mk/2sinhm based on Bragg’s law, d=1n, n is
the refractive index, hm the angle of an interference peak,
and D the total thickness of superlattice. Between two
Bragg peaks, a distance that corresponds to the superlattice
period, there are m1 subsidiary peaks arising from the
thickness interference of the superlattice with m periods.
Thus, there is a linear relation in the plot of L versus
sin2hm according to Eq. (1). From the intercept and slope,
we obtained values of D and d. Based on the theory of
Table 1
Parameters obtained from the best-fitted results of the reflectivity curves
Nominal sample Fitted thickness Fitted roughness AFM Fitted density(g/cm3)
tLNO tBTO rLNO/sub r interface rsurface rsurface qLNO qBTO
(B3/L3)24/STO 2.65 2.91 0.47 0.80 0.55 0.50 6.873 5.873
(B4.5/L4.5)16/STO 4.20 4.32 0.44 0.78 0.65 0.62 6.944 5.873
(B6/L6)12/STO 5.79 6.18 0.32 0.82 0.75 0.73 6.873 5.898
(B8/L8)9/STO 8.17 7.84 0.40 0.81 0.69 0.64 6.944 5.898
(B10/L10)7/STO 9.31 9.42 0.34 0.83 0.82 0.79 6.944 5.898
The relative standard deviations of the fitted data are tQ2%, qQ2% and rQ6%. The thickness of SrTiO3 substrate is set as infinite and the bulk density is fixed
at 5.118 g/cm3. The bulk density of BTO is 6.018 g/cm3 and that of LNO is 7.086 g/cm3. The unit of thickness and roughness is nm.
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through this equation,
d ¼ h2c=2 ð2Þ
in which hc=2.9968103qe1/2k for a BTO film and qe is
the electron density. Fig. 2 shows a plot of L versus sin2
hm for the superlattice having a sublayer thickness 8 nm.
The intercept of the extrapolated line at the L-axis is the
total thickness of the superlattice, for which a value 144.0
nm was obtained. This value is satisfactorily consistent
with the fitted result of the reflectivity curve presented in
Table 1, i.e., (81.7+78.4)9=144.1 nm. The value of d
derived from the plot is 1.6584105, which agrees also
with that obtained from the BTO layer density of fitted
data, i.e., 1.66105. These results clearly demonstrate the
internal consistency of this X-ray reflectivity analysis.
Fig. 3 shows the crystal truncation rod (CTR) spectrum
along the [1 1 L] direction of the superlattice having a
sublayer thickness of 3 nm. For simplicity, values of H, K
and L given in this paper are expressed in reciprocal lattice
units (r. l. u.) referred to the room temperature STO lattice
parameter (0.3905 nm). The X-ray CTR measurement
provides information on crystallographic characteristics that
are not derivable from X-ray reflectivity. The peak observed
at L=1 is the Bragg peak of the STO substrate. The
formation of a superlattice is confirmed from the appearance
of satellite peaks beside the main peak. Furthermore, theFig. 2. The plot of L versus sin2hm for (B8/L8)9 sperlattice, in which
L=mk/2 sinhm.presence of distinct satellite fringes in the [1 1 L] CTR
spectrum indicates that a good epitaxial relation between the
sublayers of superlattice and the STO substrate was
developed along the (1 1 1) plane [8].
The variation of surface and interfacial roughness of the
superlattices obtained from fitting the X-ray reflectivity
curves is plotted in Fig. 4 as a function of stacking
periodicity. The surface roughness increases, in general,
with the thickness of the sublayer. In contrast, it was found
that the roughness of the interface remains constant
independent of the variation of sublayer thickness. To
investigate the relationship between the measured rough-
ness and surface morphology, we performed an AFM
examination. For comparison, the surface roughness eval-
uated from AFM images is listed in Table 1. The results are
consistent with those from X-ray reflectivity. Fig. 5(a) and
(b) shows the change of surface morphology of the
superlattice for a sublayer thickness increasing from 3 to
4.5 nm. A uniform structure containing tiny monodispersed
islands was formed on the superlattice of sublayer thickness
of 3 nm. On increase of the sublayer thickness to 4.5 nm, a
structure with a bimodal distribution of granular size was
observed, which indicates that coalescence among the tiny
islands occurred. On increasing the BTO sublayer thickness
further to 6 nm (not shown here), the bimodal structure is
still observable but contains larger and coarse grains,Fig. 3. Intensity distribution of crystal truncation rod of (B3/L3)24
superlattice along [1 1 L] direction. The peak observed at L=1 is the
Bragg peak of SrTiO3 substrate.
Fig. 4. The surface and interface roughness obtained from the fits of the
reflectivity data of superlattice having different sublayer thicknesses.
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of a sublayer. On still further increasing the BTO sublayer
thickness to 10 nm, only coarse three-dimensional islandsFig. 5. Surface morphology observed from atomic-force microscopy of
superlattice having different sublayer thicknesses. (a) 3 nm, (b) 4.5 nm.on a greatly roughened surface were observed. A similar
evolution of surface structure was observed in the growth of
epitaxial pervoskite oxides on a lattice-mismatched sub-
strate [19–21]. Visinoiu et al. [19] attributed it to a growth
mechanism of first layer then island [Stranski–Krastanov
(S–K)], controlled by strain to maintain a coherent interface
between lattice-mismatched materials that increases with
the thickening epilayers. We therefore believe that the S–K
growth mode is also followed for a BTO layer deposited
onto LNO, and vice versa, in the growth of a BTO/LNO
superlattice, but in this case, the controlling factor is the
strain induced from the interface between BTO and LNO
sublayers.
As specular reflectivity probes only the variation of
laterally averaged electron density along the surface normal,
it cannot distinguish an interface with a flat but smoothly
varying density distribution from an abrupt but ragged one.
In contrast, off-specular diffuse scattering provides addi-
tional details about the microscopic nature of the interfacial
region. The conformity of the roughness produces an
oscillating profile of the diffuse scattering similar to that
observed in specular reflectivity. The variation of diffuse
scattering intensity of the film is depicted with open circles in
Fig. 6 as a function of qz; for comparison, the specular
reflectivity of the same sample is plotted as a solid curve. The
coincidence of Bragg peaks and oscillating fringes in diffuse
scattering with those in specular reflectivity reveals, respec-
tively, that a proper conformal roughness relationship exists
between the sublayer interfaces, and between the top surface
and the film/substrate interface in this sample [12,13,22].
From the fitted specular reflectivity shown in Fig. 4, we
found a nearly fixed interfacial roughness in a range of 0.78–
0.83 nm for all superlattices. The existence of a nearly
constant interfacial roughness of superlattices for varied
modulation length was reported for another superlattice
material [23]. Here, X-ray reflectivity measurement revealed
no direct evidence of the cause of this phenomenon. As theFig. 6. Comparison of intensity curves between specular and off-specular
scattering for the (B6/L6)3 superlattice. The peaks marked with arrows in the
plot correspond to the Bragg peaks, and the rest of the subsidiary peaks are
Kiessig fringes with the denotation of asterisks.
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coherent interfaces are not simply present, but instead
interfaces are at best semicoherent with large misfit
dislocation densities. Oxygen vacancies that are the most
common and mobile defects in pervoskite ferroelectrics tend
to form planar clusters with interfacial misfit dislocations
during film growth [24,25]. The presence of accumulated
defects at the BTO/LNO interface might cause roughening of
the interface in the superlattice. Hence, the nearly constant
interfacial roughness measured through X-ray reflectivity
might result from the concentration of oxygen vacancies
associated with interfacial misfit dislocations at consecutive
interfaces of various compounds [26,27].4. Conclusion
An epitaxial BTO/LNO superlattice with varied stacking
periodicity was successfully fabricated on an Nb-doped STO
(001) single-crystalline substrate through rf magnetron
sputtering. The fitted specular reflectivity indicates that
surface roughness of the superlattices increases with
increasing thickness of sublayers, but the interfacial rough-
ness of superlattices remains constant at a value about 0.78–
0.83 nm. The surface roughness obtained through X-ray
reflectivity is consistent with that observed with an AFM,
and AFM images reveal that the growth of a BTO/LNO
superlattice follows the S–K growth mechanism. A proper
conformal roughness between BTO and LNO layers was
observed through off-specular scattering. Further real-time
X-ray scattering experiments are necessary to investigate the
evolution of interfacial roughness against sublayer thickness.Acknowledgements
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